Ice accretion on airframe surfaces occurs as aircraft come across supercooled water droplets in the cloud, which was found to greatly influence the flight performance and safety. In the present study, the thermal effect induced by DBD plasma actuation was experimentally investigated in order to explore its potential as an alternative strategy to current anti-/de-icing methods for aircraft icing mitigation. A series of experiments were conducted in the Iowa State University Icing Research Tunnel (ISU-IRT) with a NACA0012 airfoil/wing model embedded with DBD plasma actuators. During the experiments, in addition to recording the dynamic ice accretion process by using a high-speed imaging system, the quantitative surface temperature measurements were also obtained using an Infra-Red (IR) thermal imaging system. The thermal effects induced by conventional AC-DBD and nanosecond pulsed DBD (i.e., ns-DBD) plasma actuators were compared under the same power input and icing test conditions. The dynamic icing process was also investigated with the ns-DBD plasma actuation under different pulse repetition frequencies. It was found that the anti-/de-icing performance of ns-DBD plasma actuation would improve with increasing pulse repetition frequency. 
Nomenclature

DBD
= dielectric barrier discharge AC-DBD = alternative current driven dielectric barrier discharge ns-DBD = nanosecond pulse driven dielectric barrier discharge T∞ = free stream temperature, °C Tsurf = surface temperature, °C ΔT = surface temperature difference, °C U∞ = free stream wind speed V = Voltage, V P = Power, W t = time, s tspray = time at first droplet impingement to airfoil surface, s
I. Introduction
OLD weather conditions endanger flight safety due to ice buildup on the surfaces of aircraft. Ice formed on aircraft surfaces, such as wing and tail, disrupt in aircraft performance by increasing drag and decreasing lift 1 . Ice accretion on aircraft surfaces may occur on ground or in-flight. Green 2 documented 248 ground icing events and 308 in-flight icing events from 1982 to 2011.
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In-flight aircraft icing happens when supercooled water droplets impinge and freeze on the surface as aircraft travel in clouds 3 . Ice accretion process is influenced by the geometry of the body, surface type, airspeed, temperature, liquid water content (LWC) and droplet size 4 . Ice accretion can follow either dry growth or wet growth process. During dry growth, impinging droplets release latent heat quickly and freeze on impact. On the other hand, in the wet growth process, droplets can deform and run back along the surface, because the droplets are not able to lose the latent heat quickly. Dry growth process is related with rime ice, which is white and opaque, and wet growth process with glaze ice, which is clear and glossy. The transition between rime and glaze ice is called mixed ice 5 . Rime ice forms at low temperatures when LWC is low and droplets are small. While glaze ice forms at warmer temperatures below freezing point when LWC is high, and droplets are larger 4, 5 .
To prevent unwanted consequenceies from icing, several in-flight anti-icing and de-icing methods have been developed, such as freezing point depressants 6 , pneumatic boots 6, 7 , hot-bleed-air anti-icing systems 6, [8] [9] [10] and electrothermal heating 6, 11, 12 . Along with the methods, superhydrophobic coatings are proposed as an anti-icing method [13] [14] [15] .
In addition to the icing prevention methods described above, thermal effect induced by plasma generation was also suggested recently as a promising anti-/de-icing method 16, 17 . Plasma actuation has gained great attention in last decades for flow control purposes. Extensive overviews about using dielectric barrier discharge (DBD) plasma actuators as active flow control devices can be found at Moreau 18 and Corke et al. 19 . More recently, Joussot et al. 20 investigated the thermal effect of DBD plasma actuators, which generally consist of two electrodes asymmetrically separated by a dielectric layer. High voltage is applied between the electrodes to generates discharge, which ionizes the air over covered electrode 21 . Two types of DBD plasma actuators exist: (1) alternating current driven (AC-DBD) and (2) high voltage repetitive nanosecond pulse driven (ns-DBD). Even though AC-DBD and ns-DBD have the same arrangements, their working principles are different. AC-DBD plasma actuator induces near wall jet, whereas ns-DBD plasma actuator induces thermal effect that generates a local compression wave [22] [23] [24] [25] [26] . While Pouryoussefi et al. 27 performed flow control study around a fabricated iced airfoil using DBD plasma actuators. A number studies were also conducted to use plasma actuators as anti-/de-icing devices 16, 17 . Meng et al. 16 investigated the influence of high voltage on the surface temperature of AC-DBD plasma actuator in still air and during the anti-icing and de-icing period on a cylinder model in icing wind tunnel at -20 ºC temperature and 15 m/s wind speed. Measurements showed that surface temperature increased with the operation time and voltage. There was no ice accretion on the surface of the cylinder model during 180 s. of plasma actuation for the anti-icing test, and the power consumption of unit area was 13 kW/m 2 . 5 mm thickness of ice later was removed from the surface of the cylinder model in 150 s. of plasma actuation during the de-icing test. Broecke 17 tested de-icing capabilities of ns-DBD plasma actuators at -20°C in a cold-climate chamber. The author composed snow on the actuator, using an ice spray gun, and observed melting of ice under various voltages and pulse frequencies. IR measurements showed that ns-DBD plasma actuator increased the surroundings temperature from -20°C to 6.3°C.
AC-DBD and ns-DBD were compared earlier for the efficiency of ozone production 28 and flow separation control 26 , resulting that ns-DBD outperforms AC-DBD. The key mechanism of AC discharge is the momentum transfer to the air and inducing near wall jet, whereas the key mechanism of nanosecond pulsed discharge is the energy transfer to the air and rapid heating 22 .
In the present study, thermal effects of AC-DBD and NS-DBD plasma actuation were investigated for icing mitigation. An experimental study was performed in the Icing Research Tunnel available at Iowa State University (ISU-IRT). Firstly, the surface temperatures of AC-DBD and ns-DBD plasma actuators mounted on a NACA0012 airfoil model were measured by using an IR thermal imaging system. Later, anti-icing performance of ns-DBD plasma actuation is studied.
III. Experimental methodology
A. Experimental Setup
The experiments were performed in the unique Icing Research Tunnel available at Aerospace Engineering Department of Iowa State University (i.e., ISU-IRT). Schematic of ISU-IRT is shown in Figure 1 ). In summary, ISU-IRT can be used to simulate atmospheric icing phenomena over a range of icing conditions (i.e., from dry rime to extremely wet glaze ice conditions). Further information about ISU-IRT is available in Waldman et al. 29 . 
Wind
B. Experimental Model and Plasma Actuators
A NACA 0012 airfoil model was used in this study, which was made of a hard-plastic material and manufactured by using a rapid prototyping machine (i.e., 3-D printing) that builds 3-D models layer-by-layer with a resolution of about 25 microns. The wing model has a chord length of c = 150 mm, which spanned the width of the test section. Supported by a stainless-steel rod, the wing was mounted at its quarter-chord and oriented horizontally across the middle of the test section. Schematic of the experimental model is shown in Figure 2a . In this symmetric planar 30 configuration, active electrodes are on one side of dielectric layer (exposed to the air) with a sheet electrode on the other side. Exposed electrodes were subjected to high voltage. The encapsulated sheet electrode was connected to ground. The whole surface of the model was covered with ~70 µm thick copper tape as the ground electrode and five layers of PVC film for the dielectric layer. The total thickness of dielectric layer was ~0.5 mm. Lastly, nine copper electrodes were positioned above PVC film as active electrodes. Length and thickness of exposed electrodes are ~127mm and ~70 µm, respectively. The experimental model consisted of two sections side by side. Both sections were built identical to simulate surface roughness, but high voltage applied to only one side. The model was mounted in the middle of the test section of wind tunnel across the span as shown in Figure 2b . The angle of attack is manually adjustable from the side wall of test section using a digital inclinometer. High voltage nanosecond pulses were achieved by FID based nanosecond pulse generator. It has the capability to generate voltage up to 20kV, and pulse frequency (PRF) can be adjusted up to 10kHz. Power measurements are accomplished via back-current shunt technique 24 . A shunt resistor placed in the middle of the ground electrode of coaxial cable, which provided high voltage to the plasma actuators on the airfoil model. The voltage across the shunt is monitored by Tektronix MDO3104 mixed domain oscilloscope.
IV. Results and Discussions
A. Surface Temperature Evolution of AC-DBD and NS-DBD
Dielectric surface temperature depends on convective heat transfer of generated heat within the air. Thermal energy generation is influenced by electrical parameters 31 . In this section, the surface temperatures of AC-DBD and ns-DBD were compared with matching average power input. Surface temperature measurements were performed in ISUIRT at -5 °C temperature, 40 m/s airflow speed for both ns-DBD and AC-DBD plasma actuation. Figure 3a shows sinusoidal voltage and current trace over time for AC-DBD. Peak to peak voltage is ~7kV and frequency is ~3.5 kHz. The average power is calculated as ~34.3W. Figure 3b shows voltage pulse shape across the shunt for ns-DBD. Ns-DBD pulse width was ~25ns; rise time was ~3 ns; the maximum voltage is ~20kV. Input energy per pulse was ~34.3mJ. Energy in a single pulse is calculated as the difference between incident pulse and the reflected pulse 24 . Pulse frequency was set to 1kHz. Thus, the average power of ns-DBD is ~34.3 W. Figure 4 shows the time sequence of the heating process during a DBD plasma actuation at wind speed of U=40m/s, and free stream temperature of T= -5°C. The right side of images display plasma actuators operation, and the left side of images denote the reference surface temperature. At t=0, before plasma actuation is turned on, the surface temperature of the airfoil is same as free stream temperature, T= -5 °C. After the discharge is switched on, the temperature of dielectric surface begins to increase as the time goes on. At t=5 s temperature peaks at the edges of exposed electrodes and decreases as farther downstream. This phenomenon was also observed by Joussot et al. 20 and Tirumala et al. 31 in quiescent air, and it was suggested that near the edge of exposed energy transfer through ionsurface collisions play an essential role of this occurrence 31 . Due to the cold external flow, generated heat dissipates from the dielectric surface during the operation, resulting in a small amount temperature increase, which is consistent with other studies 20 . Dielectric surface temperature keeps increasing as a result of a convective heat transfer from the hot gas above dielectric layer. After 110 seconds of plasma actuation, the thermal equilibrium is reached and surface temperatures become steady. American Institute of Aeronautics and Astronautics Figure 4 . Heating process of DBD plasma actuation on an airfoil Figure 5 shows a sketch of heated volume in the air during plasma operation. Heat generation mechanism of nanosecond pulse discharge and sinusoidal AC discharge are different. Thermal energy generated by AC-DBD is localized at edge of the exposed electrode and at the presence of external airflow, heat is dissipated into the external airflow. In the case of ns-DBD, fast energy deposition into the air leads to development of heated gas close to actuator and each pulse contributes to expansion of the heated volume 23 . The continuous expansion of heated gas after nanosecond pulses is allowing the heat to dissipate larger volume.
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Incoming flow Plasma glow Figure 6 shows average surface temperature variation of selected distances in time for AC-DBD and ns-DBD plasma actuation at wind speed of U=40m/s, and free stream temperature of T= -5°C. Three different distances from the leading edge were selected for surface temperature measurements. Distance A, B, and C at 12%, 25% and 35% of American Institute of Aeronautics and Astronautics the airfoil cord, respectively. Surface temperatures of selected distances were the same as airflow temperature before the plasma actuation. After the plasma actuation turned on, the surface temperatures increased rapidly with time. There was no significant surface temperature difference observed between ns-DBD and AC-DBD for distance A. Temperature increase about 3°C at distance A for both AC-DBD and ns-DBD plasma actuations. However, at distance B and C, where the distance between plasma actuators is relatively longer than distance A, dielectric layer temperature increase for ns-DBD was more substantial than compared to AC-DBD. After 110 seconds of operation, average temperature at distance B is measured as -2 °C for ns-DBD case and -3.5°C for AC-DBD case. At distance C, it was measured as -3 °C and -4.5 °C for ns-DBD and AC-DBD, respectively. It can be said from the results that, heated area of the airfoil with ns-DBD is larger than the airfoil with AC-DBD. Where the exposed electrodes were close each other, generated thermal energy was concentrated in between electrodes. Subsequently, surface temperatures of AC-DBD and ns-DBD were same at these regions. However, at locations where spacing between electrodes was more prolonged than effective plasma region, the thermal energy generated by ns-DBD was dissipated further downstream of the electrode. 
Figure 5. Sketch of heated volume by AC-DBD and ns-DBD
B. Dynamic icing process during ns-DBD plasma actuation
In this section, the effect of ns-DBD pulse repetition frequency on dynamic icing process is investigated. Wind speed is fixed at 40m/s, freestream air temperature is set T∞ = -10 ºC, and LWC is adjusted to 1.5 g/m 3 . The experiments conducted for 2kHz, 4kHz, 6kHz and 8kHz pulse repetition frequency. Power inputs were calculated by converting total energy input into power based on pulse repetition frequency. Energy in one nanosecond pulse is measured as 34.3±0.1 mJ via back-current shunt technique. Thus power inputs were calculated as P ~ 69W at PRF=2kHz, P ~ 138W at PRF=4kHz, P ~ 207W at PRF=6kHz and P ~ 276W at PRF=8kHz. In all cases, ns-DBD plasma actuation is activated before icing process, and the spray system of ISU-IRT is turned on at time tspray. Figure 7 shows the snapshots of the airfoil model with ns-DBD plasma actuators after 60 seconds of ice accretion at wind speed of U=40m/s, LWC=1.5g/m 3 and ambient temperature of T= -10°C. Voltage of the nanosecond pulses was set to maximum of the power generators, i.e. 20kV. High voltage is only applied to the actuators on the right side of the airfoil. Icing process starts when supercooled water droplets impinge onto leading edge of the airfoil, at t= tspray. It can be seen Figure 7a that, when the PFR=2kHz, as supercooled water droplets impinge on the airfoil surface, release their latent heat and freezes around the leading edge on both side plasma-off and plasma-on side of the airfoil. As time goes on, more ice build around the leading edge due to increased total number of impinging droplets. Generated thermal energy of ns-DBD is not enough to prevent ice accretion around the leading edge in this case. Figure 7b shows the snapshot of the case PFR=4kHz. At initial stages of the icing process, heat generated by ns-DBD is able to avoid ice buildup on plasma-on side of the airfoil, while droplets immediately freeze on plasma-off side of the airfoil. In first five seconds of icing process, water film is formed at the leading edge and advances further downstream of the airfoil and turns into rivulets. After 5 seconds of the first droplet impingement, water film and rivulets start to freeze and ice accumulation is observed around the leading edge. More water droplets were collected 7 American Institute of Aeronautics and Astronautics in time and freeze in latter stages. However, when pulse repetition frequency is increased to PRF=6kHz and 8kHz, Figure 7c and Figure 7d thinner ice formation is observed, due to increasing net energy input into the system. Impinging droplets form water film at the leading edge, and water rivulets form further downstream. Pulse repetition frequency of ns-DBD has a significant effect on anti-icing performance. This matter was also mentioned by Broecke 17 . Increasing the pulse repetition frequency provides higher power flux. Hence more thermal energy generated. Therefore, better anti-icing performance is achieved. Time evolution of temperature distribution over the airfoil at PRF=6 kHz is shown in Figure 8 . Ns-DBD plasma was activated before the spray system is turned on. Convective thermal energy transfer from airfoil surface to supercooled water droplets prevented ice accumulation at the leading edge. Water droplets gain heat and run back after impinging on airfoil surface. It can be seen at t= tspray +5 s that water film forms around the leading edge. As water film passes through plasma regions and advance downstream of the airfoil, the heat within the plasma region transferred to water film with convection. Ice began to build at the stagnation point of the airfoil after 15 seconds. However, generated heat results in relatively thinner ice layer as compared to the cases where PRF=2kHz and 4kHz. Figure 9 presents relative temperature measurements history for PRF=2kHz, 4kHz, and 6 kHz at selected measurement distances. It can be seen from the figure that surface temperature of all three selected distances increased rapidly before dynamic icing process. For the case of PRF=6kHz, surface temperatures were highest at each distance. It can be found in Figure 9a that surface temperature of plasma region at 12% of the cord reached a maximum and decreased gradually after the spray system is turned on. After about 30 seconds of icing process, the surface temperature became stable. The temperature difference for the case of PRF=6kHz was 3°C while it was 1°C for PRF=2kHz and 2°C for PRF=4kHz. Figure 9b presents the surface temperature history of distance C, which is 25% of the airfoil chord. Surface temperature same as free stream temperature before plasma actuation is started. The dielectric surface temperature increase quickly until spray system is turned on. After the spay system turned on temperature was slightly decreased for the case of PRF=2kHz and became steady. For the case of PRF=4kHz and 6kHz, the surface temperatures jump after spray system is turned on and became stable. The temperature bounce for 6 kHz case is about 1°C, whereas it is not significant for 4 kHz but observable. At initial stages of icing process, thermal energy generated by plasma actuators located at the leading edge of the airfoil transfer into the impinged water droplets. As these relatively warm droplets run back and arrive at distance B; more heat release is observed. The quantity of impinging droplets increases in time, causing the temperature to drop eventually. After about 30 seconds, thermal equilibrium is reached. Relative temperature variation history of distance at 35% of the cord is shown in Figure 9c . Surface temperature increase before the spray system turned on at this distance were lowest compared to other investigated distances. It should be noted that the distance C was selected in between exposed electrode where the distance between electrodes is longer than other selected measurement locations. Plasma volume did not extend to the measurement distance C during the experiments. For the case of PRF=2kHz, temperature remains same after the beginning of icing process. Since most of the impinging droplets freeze at the leading edge, temperature downstream is not affected. When PRF=4kHz and 6kHz, the temperatures kept increasing and became stable after 30 seconds. Water droplets gain thermal energy from the plasma at the leading edge forming thin water layers. Water layer turns into rivulets downstream and does not influence surface temperature. The thermal equilibrium between plasma and surface was not reached at the time of t= tspray, therefore temperatures for each case continually increased until t= 30 s, then remained steady. 
V. Conclusion
In this study, an experimental study was conducted to investigate the thermal effects associated with AC-DBD and ns-DBD plasma actuators for the purpose of icing mitigation. Experiments were carried out in ISU-IRT on a NACA 0012 airfoil model. Plasma actuators were employed on to airfoil surface. The surface temperatures during the plasma actuation were measured by using infrared thermometry.
The effect of plasma generation type on an airfoil surface temperature is investigated at U∞=40m/s, T∞=-5ºC. Results show that, surface temperature of dielectric layer increased rapidly for about 20 seconds of operation, then reached thermal equilibrium in 110 seconds. Equivalent power input applied to AC-DBD and ns-DBD plasma actuators, and dielectric surface temperature below the plasma region were found to be equal. However, higher temperature of dielectric region observed further along the encapsulated electrodes during ns-DBD plasma actuation, due to the expansion of hot gas region after nanosecond pulse discharges. Results showed that heat dissipation for ns-DBD seems to be more effective than AC-DBD, which suggest better anti-icing performance.
Dynamic icing process during the ns-DBD plasma actuation is investigated at U∞=40 m/s, T∞=-10 ºC, LWC=1.5g/m 3 . When nanosecond pulse repetition frequency was comparatively low, (i.e., 2kHz and 4kHz), the thermal energy generated by ns-DBD plasma actuation was not sufficient enough to overcome convective heat transfer. Thus, ice accretion is observed around the leading edge of the airfoil. Increasing pulse repetition frequency to 6kHz and 8kHz result thinner ice formation, due to the increase of total thermal energy input. It is also considered that, temperature of supercooled droplets increase while passing through hot air above the airfoil.
It is demonstrated in this study that, thermal effects induced by ns-DBD can prevent ice formation and ns-DBD plasma actuation is an effective anti-icing method for aircraft in-flight icing mitigation. Icing control by plasma actuators is promising and further investigations will be conducted to optimize actuators layout for an efficient antiicing operations.
